Abstract --Integration of forecasting of solar energy feed-in to the electric network is becoming essential because of its continually increasing penetration level. Three-dimensional numerical weather prediction (NWP) models predict the weather based on the current weather conditions (called initialization) and simulate of the ensuing atmospheric processes. The accuracy of forecasts therefore depend, in part, on the accuracy of the model initializations. Data assimilation is recognized as the most widely used technique to improve the initialization into NWP models. In specific, meteorological observations from the surface and upperair in-situ networks over the southern California coast are assimilated into the Weather Research and Forecasting (WRF) model. It is found that the global horizontal irradiance (GHI) produced by WRF data assimilation experiments are significantly closer to the observations as compared to the standard WRF forecast. Especially, the GHI biases are reduced significantly during the morning hours.
I. INTRODUCTION
The increasing contribution of solar energy to electric power generation motivates accurate forecasts of solar irradiance at the earth's surface. Satellite-based solar irradiance forecasts, sky-imager based solar irradiance forecasts, and statistical forecasts are considered to be the most accurate solar irradiance forecasts for horizons up to 6 h. However, these forecast methods are not accurate beyond 6 h ahead. Generally grid operators aspire to receive forecasts of solar energy for at least a day ahead. State-of-the-art numerical weather prediction (NWP) models can provide solar irradiance forecasts for day ahead forecast. Solar irradiance depends on geographical location and meteorological conditions. The major concern in solar power generation is the high variability in the amount of incident solar irradiance due to the presence of clouds. Accurate cloud forecasting within a NWP model is challenging due to the complex multiscale physical processes that influence cloud formation. Forecasting the low clouds in the marine layer over coastal southern California is especially challenging. Marine layer clouds are typically shallow and exist near the inversion of the planetary boundary layer (PBL). Recently, several studies have been conducted to understand the physical processes associated with the formation of marine layer clouds and their representation within NWP models [1] [2] [3] .
Most operational meteorological centers use NWP models to forecast solar irradiance, although they are known to over predict solar irradiance. Three-dimensional NWP models predict the future weather conditions based on the current weather conditions (called initial condition) and physical parameterizations to simulate ensuing atmospheric processes. The accuracy of forecasts therefore depends, in part, on the accuracy of the model initializations. Initialization describes the process of feeding the initial state of the atmosphere in terms of various meteorological parameters. Data assimilation is recognized as the most widely used technique to improve the initialization into NWP models.
In this study three-dimensional variational (3DVAR) data assimilation [4] is used within the weather research and forecast (WRF) modelling framework WRFV_3.6.1 [5] to improve the model initialization by assimilating the meteorological observations (such as temperature, dew point temperature, wind speed, wind direction and surface pressure) from the surface and upper-air in-situ observations over the southern California coast. Inversion base height is identified as a critical parameter for solar forecasting of marine layer clouds. Standard 3DVAR is unable to modify vertical temperature profiles. The detail descriptions of the experimental design including the WRF and 3DVAR model descriptions and marine layer events are given in Section II. The sensitivity of the tuning parameters such as length scale and variance scale towards optimizing the impact of background error statistics (BES) on the analysis increment and model forecast (Section IIIA) are also analyzed. The validation of the model simulations for liquid water content (LWC), global horizontal irradiance (GHI) and other associated meteorological parameters are described in Section III. Finally, conclusions are provided in Section IV.
II. EXPERIMENTAL DESIGN

A. WRF model configuration
In this study WRF model is configured with 2-nested domains of horizontal resolutions 8.1 km and 2.7 km. The inner domain is centered over San Diego County (as shown in Fig. 1 ) with 75 terrain-following vertical sigma levels and 50 levels are below 3 km altitude. The model initial and boundary conditions are derived from the 0000 UTC North American Mesoscale (NAM) model. Here 0000 UTC NAM data is used for model initialization instead of the most recent 0600 UTC NAM data, because is delivers lower mean absolute errors (MAE). The physics parameterizations used in this study include Morrison 2-momemt microphysics scheme [6] , Goddard scheme for shortwave and longwave radiation parameterization [7] , KainFritsch New Eta scheme for cumulus parameterization [8] , unified Noah land surface model [9] and MYNN 2.5 scheme [10] for planetary boundary layer parameterization. The model was run for 6 h from 0600 UTC 1200 UTC in spin-up mode and from 1200 UTC for 18 h in forecast mode. Mesoscale models need spin-up to establish an equilibrium between moisture, temperature and wind field before entering into a forecast mode. 
B. 3DVAR data assimilation
3DVAR data assimilation system uses observations from various sources and combine them with the short-range model forecast (called background) obtained from WRF simulation in order to provide the accurate state of the atmosphere at model initialization called the analysis. In this study the background is a 6-h model forecast from WRF and the meteorological observations assimilated in 3DVAR data assimilation are collected from the METAR, Ship and radiosonde networks as shown in Fig. 2 . In addition to observations and background, background error statistics (BES) also play a major role in 3DVAR data assimilation system. In variational data assimilation BES are crucial for the quality of the analysis, because they determine to what extent the background field will be corrected to match the observations. In general, variational systems can be categorized as those data assimilation systems which provide an analysis x a via minimization of the prescribed cost function J(x) (1), iteratively [11] .
C. Description of the case study
In this study we have selected two consecutive days with strong marine layer influence as in 11 and 12 of June 2015 to analyze the impact of 3DVAR data assimilation on model initialization and the simulation of global horizontal irradiance (GHI) and meteorological parameters associated with the variations in solar energy production. According to the National Weather Service (NWS), San Diego report at 0800 PDT, 12 June satellite imagery showed the marine layer clouds covering the coast and inland valleys. The 1200 UTC 12 June NKX Miramar sounding displayed a 7 o C marine layer inversion, which supports low cloud persistence along the coast and inland valleys throughout most of the day. However, further inland areas cleared by late morning/early afternoon.
D. Numerical experiments
To analyze the impact of data assimilation in the model initialization on GHI forecast and associated meteorological parameters, we conducted two sets of data assimilation experiments along with the WRF reference forecast (named as WRF). Since, background error statistics are the key factor in variational data assimilation, in this study we estimate our own background error statistics from 12-h and 24-h WRF forecasts valid at the same time for the month of June and July 2015 using the NMC Method [12] . Regional BES were used in place of the default BES provided by National Center for Environmental Prediction (NCEP) as the global background error statistics estimated from GFS forecasts with T170 (~80 km) horizontal resolution. 
III. RESULTS AND DISCUSSIONS
A. Sensitivity of length scale and variance scale on analysis increment
The sensitivity of length scale and variance scale within the BES are analyzed here by considering a pseudo single observation
o K. The analysis increments (analysisbackground) are analyzed in terms of spatial and vertical crosssections within d02 as shown in Fig. 3 . Here, three sets of experiments are conducted for the sensitivity study: (a) WRFDA-RBES1 (variance scale increased by 300% and length scale decreased by 75%), (b) WRFDA-RBES2 (variance scale increased by 100% and length scale decreased by 75%), and (c) WRFDA-RBES3 (variance scale increased by 25% and length scale decreased by 75%). Fig. 3 depicts that the analysis increments in WRFDA-RBES1 are higher up to 0.8 o K in both spatial and vertical cross-section. On the other hand, the analysis increments are 0.4 o K and 0.6 o K in WRFDA-RBES3 and WRFDA-RBES2 respectively. Similar single observation tests are also conducted for variables such as wind components and moisture and found WRFDA-RBES1 has higher analysis increments (i.e. the higher analysis increments implies the analysis produced after data assimilation is closer to the observation and vice-versa) for all the analyzed variables. Based on the sensitivity test, WRFDA-RBES1 is chosen for the marine layer cloud simulation. Afterwards in this manuscript WRFDA-RBES1 is renamed to WRFDA-RBES for further analysis. Detailed descriptions of the numerical experiments used for GHI forecast are given in Table 1 .
B. Validation of initial profiles with sounding observations
In cloudy conditions NAM GHI is biased by up to -150 W m -2 [13] . NAM also underestimates the inversion base height and the liquid water content at model initialization, which reduces marine layer cloud formation under an otherwise suitable synoptic situation. Hence, improved solar forecasting requires improving the model initial profiles for the prognostic variables. All the prognostic variables from model initialization are analyzed along with the NKX Miramar radiosonde (Lat 32.85 o N/ Lon -117.12 o W) observations. However, due to space constraint only equivalent potential temperature and relative humidity profiles are shown here in Fig. 4 . It is noticed that the data assimilation experiments are much closer towards the observation profile as compared to the WRF (Fig. 4) . However, simulated profiles obtained from the data assimilation experiment with cyclic mode (WRFDA-cyc) are significantly closer to the observations. Yet the data assimilation results are still unsatisfactory with respect to inversion base height. The data assimilation experiments produced a secondary inversion layer (Fig. 4) , which might cause decoupling within the cloud layer and is conducive to thinner cloud layers. This is evident in the relative humidity profiles (Fig. 4) which are saturated only up to 400 m versus over 600 m in the observations. 
C. Model validation for forecasted meteorological parameters and GHI
The model simulated GHI and associated meteorological parameters such as wind field, surface fluxes, liquid water content, near surface temperature and moisture are analyzed towards model validation. Due to the space constraint, here we only present GHI and liquid water contents (LWC). The data assimilation experiments significantly improved the near surface wind circulations (at 10 m) along the southern California coast. Through advection of cool air from the ocean, the wind vectors contribute towards the development and advancement of marine layer clouds inland. The surface fluxes such as sensible heat flux (SHF) and latent heat flux (LHF) influence the marine layer clouds life cycle over the coastal region by modulating the heat and moisture input into the PBL. The simulated SHF and LHF in the coastal region from WRFDA-cyc further support a thicker and persistence marine layer cloud as compared to WRF. Due to the lack of observations near the southern California coast, it was not feasible to validate the model simulated LHF and SHF. GHI variations at coastal southern California regions during early summer are mostly affected by the stratocumulus cloud cover, which reflects incoming solar radiation [14] . The marine layer cloud optical thickness is directly proportional to the amount of LWC within the cloud layer. Thicker clouds at 1200 UTC generally take longer to dissipate and thus reduce the average GHI at earth surface. The time-height analysis of LWC at NKX Miramar shows that WRFDA-cyc simulates higher LWC and thicker cloud layers as compared to WRF simulation (Fig. 5) . The clouds in WRF begins to be dissipated faster at 1800 UTC and again forms at 2300 UTC while data assimilation experiments produced thicker clouds that thin during the day but persist throughout the day (Fig. 5) .
The forecasted GHI from WRF and data assimilation experiments are validated against San Diego Gas and Electricity (SDGE) pyranometer station observations and SolarAnywhere (SAW) gridded data. Fig. 6 depicts the spatial biases between the forecasted GHI and SAW gridded GHI data sets. It is noticed that the GHI biases over the southern California coast are significantly less in WRFDA-cyc forecast, especially over San Diego County. The GHI biases are reduced by 100-200 W m -2 during the morning hours and up to 400-500 W m -2 during the noon hours in WRFDA-cyc simulation as compared to WRF simulation (Fig. 6) . It indicates the marine layer clouds from the WRFDA-cyc simulation last longer over the coastal and inland valley regions as compared to WRF simulation. However, GHI biases are present in both WRF and WRFDA-cyc simulations during the early morning hours over regions with terrain heights greater than 350-400 m above mean sea level. This is likely a result of the model simulated inversion base heights being comparatively lower than the observation. The diurnal variations of forecasted GHI from WRF and data assimilation experiments are also validated against SDGE coastal station observations at Lat 33.123 o N and lon -117.288 o W as shown in Fig. 7 . Hourly averages are applied to both the data sets for the validation of diurnal variations of GHI. WRFDA-cyc outperformed WRF and WRFDA-RBES experiments. The MAE in GHI is significantly reduced by 100-110 W m -2 as compared to WRF and 80-90 W m -2 as compared to WRFDA-RBES as shown in Fig. 7b. 978-1-5090-5605-7/17/$31.00 ©2017 IEEE 
IV. CONCLUSION
Earlier studies have shown that NAM generates significant biases in GHI, near surface temperature, and moisture. Therefore, initializing the mesoscale NWP models by deriving the initial and boundary conditions from the NAM model output, creates model initialization errors that propagate to the forecast. In NWP models the accuracy of forecast significantly depends on the accuracy of initial state of the model variables. In this study conventional in-situ observations from various networks such as METAR, SHIP and radiosonde are assimilated into a NWP model (WRF-ARW) to improve the model initialization and solar irradiance forecast over the southern California coast. The 3DVAR data assimilation technique was employed for the data assimilation experiment and also customized with suitable tuning parameters such as length scale and variance scale through a sensitivity test. The assimilation of in-situ observations into a NWP model significantly improved the initial profiles of the model variables such as temperature and moisture compared to radiosonde observations. This results in improved GHI forecasts. Data assimilation in cyclic mode (WRFDA-cyc) reduced the MAE in GHI by 100-110 W m -2 as compared to WRF and 80-90 W m -2 as compared to WRFDA-RBES. The WRFDA-cyc significantly improved the LWC within the marine layer stratocumulus clouds and subsequently the thickness of the marine layer cloud over southern California coast. Data assimilation experiments in cyclic mode was significantly more effective in reducing GHI biases during the morning and noon hours, which would improve the ability of grid operators to estimate behind-the-meter rooftop generation. Future work will target assimilation of satellite radiance observations to further improve the initial cloud state of the atmosphere. 
